Determination of photoinduced and intrinsic birefringences in PMMA/DR13 guest-host film  by Dall’Agnol, Fernando Fuzinatto et al.
Chemical Physics Letters 608 (2014) 102–105Contents lists available at ScienceDirect
Chemical Physics Letters
journal homepage: www.elsevier .com/locate /cplet tDetermination of photoinduced and intrinsic birefringences
in PMMA/DR13 guest-host ﬁlmhttp://dx.doi.org/10.1016/j.cplett.2014.05.082
0009-2614/ 2014 Elsevier B.V. All rights reserved.
⇑ Corresponding author at: Av. Trabalhador SãoCarlense 400, Centro, CEP 13566-
590 São Carlos, SP, Brazil. Fax: +55 16 3371 5365.
E-mail address: fmshimizu@yahoo.com.br (F.M. Shimizu).Fernando Fuzinatto Dall’Agnol a, Flávio Makoto Shimizu b,c,⇑, José A. Giacometti b,c
aCentro de Tecnologia da Informação Renato Archer, 13069-901 Campinas, SP, Brazil
b Faculdade de Ciências e Tecnologia, Universidade Estadual Paulista, UNESP, 19060-900 Presidente Prudente, SP, Brazil
c Institute of Physics of São Carlos, USP, PO Box 369, 13566-590 São Carlos, SP, Brazil
a r t i c l e i n f oArticle history:
Received 26 March 2014
In ﬁnal form 27 May 2014
Available online 4 June 2014a b s t r a c t
We report measurements and analysis of photoinduced birefringence (PIB) in polymeric stretched ﬁlms,
hence, with an intrinsic birefringence (IB) associated to the polymeric chain orientation. It was found that
transmittance signal is dependent on the angle between the ﬁlm stretching direction and the probe light
polarization, increasing or decreasing relatively to IB signal. Theoretical analysis considered that light
propagates through the ﬁlm having a photoinduced and intrinsic birefringences with independent optical
axes. The transmittance signal dependence on the ﬁlm angle is correctly accounted and our approach
could give a phenomenological elucidation to the effect known as the inverse relaxation effect.
 2014 Elsevier B.V. All rights reserved.1. Introduction
In isotropic polymeric ﬁlms containing azodyes the photoin-
duced birefringence (PIB) is a well-known phenomenon [1]. Due
to the trans-cis-trans photoisomerization process of azodye groups
the birefringence grows up when the ﬁlm is illuminated with a lin-
early polarized light of appropriate wavelength (excitation light). It
is well known that the anisotropy increases on time during light
excitation due to partial alignment of azodye groups that occurs
perpendicular to the direction of the excitation light polarization
[2,3]. When the excitation light is turned off usually the anisotropy
decreases and reaches a residual value or vanishes. It is also known
[4–7], besides of other effects, there is a remarkable one which
appear in PIB measurements when the excitation light is turned
off, the PIB signal continues to increase instead of decreasing as
expected, the effect is referred in literature as ‘inverse relaxation’.
Another source of anisotropy in polymeric materials is orienta-
tion of chains induced, for example, by ﬁlm stretching [8,9]. It leads
to a birefringent ﬁlm identiﬁed here as intrinsic birefringence (IB).
If a stretched polymeric ﬁlm is investigated the effective birefrin-
gence has two sources: intrinsic polymeric chain orientation and
photo alignment of azo groups. The ﬁrst is time independent since
it depends on the intrinsic orientation of polymeric chains, and the
second is time dependent due to the continuous light excitation.
In this way, here we address PIB measurements in stretched
PMMA/DR13 guest-host ﬁlm rotating it relatively to the excitationlight polarization, possessing then both IB and PIB phenomena. To
analyze the polarized light propagation through the stretched ﬁlm,
instead of using an effective birefringence, the intrinsic and photo-
induced contributions for the birefringence value were considered
to be independent. The equation obtained in Section 4 is success-
fully employed for birefringence transmittance signals obtained
in a stretched guest-host ﬁlm of PMMA containing DR13 dye.
Although the transmittance signals are strongly dependent on
the angle we found that the PIB and IB birefringence values are not.2. Experimental methods
Self-standing ﬁlms were fabricated by casting a solution of
PMMA and DR13 (from Aldrich) in chloroform (from Merck) with
a DR13 concentration of 0.5 wt.%. The ﬁlm was dried in an oven
to remove residue from the solvent. The guest-host PMMA-DR13
ﬁlm was then smoothly ﬁxed in two movable clamps. A hot air ﬂux
at near at a near glass-transition temperature of PMMA (100 C)
was used to heat the ﬁlm. Clamps were then slowly moved apart
resulting in a necked shaped ﬁlm two-fold stretched. Although,
the thickness of the stretched ﬁlm was not uniform, the central
area of the ﬁlm was (50 ± 2 lm) thick. Furthermore, optical mea-
surements described here were performed using same position in
the central area of the ﬁlm were the thickness is more uniform.
The PIB can be measured with a traditional pump-probe setup
using a low power light beam (probe light) with a wavelength
far away from the absorbing band of the azodyes in the ﬁlm. The
birefringence, Dnp, in an isotropic ﬁlm is related to the transmitted
power light, Tr, by [1,10],
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Figure 2. Dependence of the transmittance signal, measured without optical
excitation, on the PMMA-DR13 ﬁlm angle, showing the occurrence of intrinsic
birefringence. The full line is provided only to guide the eye.
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 
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where P0 and P are the optical power impinging on the ﬁlm and the
transmitted optical power, respectively; L is the ﬁlm thickness; and
k is the optical wavelength. Therefore, the arcsine of the square root
of Tr is proportional to the birefringence. It is worth mentioning that
our apparatus measures the voltage signal that is proportional to Tr,
the light transmittance.
Measurements of light transmittance across the stretched ﬁlm
were performed using the setup shown in Figure 1a, which is fully
described in [11]. The excitation light beam for producing the PIB
was an Ar+ ion laser from Coherent, Innova 70C (k = 514 nm); the
laser beam irradiated the ﬁlm at a ﬁxed light intensity of
35 mW/cm2, and with respect to the laboratory, the light is verti-
cally polarized. The probe beam was linearly polarized at 45 with
respect to the polarization of the excitation light and was gener-
ated by a low power He-Ne laser (k = 632.8 nm) passing through
two crossed polarizers (polarizer and analyzer) and modulated
with a chopper at 270 Hz. The transmitted probe light was moni-
tored with a photodetector; its amplitude was measured with a
lock-in ampliﬁer as a function of time.
A goniometer was used to hold and rotate the PMMA-DR13 ﬁlm
relative to the direction of the excitation and probing light polar-
izations (both ﬁxed with respect to the laboratory. As shown in
Figure 1b, h is the angle between the ﬁlm stretching direction
and the probe light polarization.3. Results
As shown in Figure 2, after being stretched, the polymeric
PMMA-DR13 ﬁlm exhibited a transmittance signal, associated with
the intrinsic birefringence, that was measured without the excita-θ
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Figure 1. (a) Experimental setup for measure transmittance birefringence signals.
The Ar+ laser generates the excitation light; and the He–Ne laser, the probe light. (b)
Diagram representing h, the angle between the stretching direction and the probe
light polarization.tion light, rotating the sample in the measuring apparatus
described above. We also used as a control a non-stretched
PMMA-DR13 ﬁlm that did not exhibit any intrinsic birefringence
transmittance signal. Similar behavior was found by dos Santos
Jr. et al. [12] in layer-by-layer ﬁlms made from chitosan that con-
tained Sunset Yellow exhibited intrinsic birefringence signal with
no need for excitation light, which is attributed to the ﬁlm anisot-
ropy imparted by the layer-by-layer fabrication method.
Figure 3 shows curves of the measured transmittance signals on
the time rotating the same sample in the measuring apparatus for
the angles h equal to 0, ±20, and ±45, resulting from the super-
position of the photoinduced and intrinsic birefringence of the
stretched PMMA-DR13 ﬁlm. As the ﬁlm is rotated, two effects
appear: at the very beginning, the transmittance signal has an off-
set due to the intrinsic birefringence (as given in Figure 2), and
with time, the signal shows an increase (or a decrease) due to
the PIB. The transmittance signal depends on h, becoming positive
and negative relative to the signal at t = 0; that is, the total birefrin-
gence increases or decreases relative to the intrinsic birefringence.
The amplitude of the transmittance signal is small for h = 0 and
maximum for h = +45. When the excitation light is turned off,0 50 100 150 200
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Figure 3. For each of three different angles, h, the buildup of the photoinduced
transmittance signals is shown superimposed to the constant value due to intrinsic
birefringence. The excitation laser is turned on at 0 s and turned off at 200 s. The
solid lines are ﬁts obtained using simultaneously Eqs. (7) and (8).
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tem (not shown here) [13].
Therefore, our results indicate that transmittance signals
obtained in anisotropic ﬁlms can be affected by the intrinsic bire-
fringence. The PIB transmittance signal, relative to the constant IB
signal, can increase, decrease, or remain very small despite the fact
that the ﬁlm is continuously under optical excitation. Therefore,
Eq. (1) cannot be applied to calculate theDnp value. In the next sec-
tion, we will present an equation that can account for the behavior
of the transmittance signals displayed in Figure 3.4. Theoretical calculation for the transmittance signal
As mentioned in the introduction instead of considering an
effective birefringence due to IB and PIB birefringences in the the-
oretical analysis we will consider the two contributions separately,
i.e., with independent optical axes. Therefore, the transmittance
signal will express the contribution of two birefringences with dis-
tinct sources.
Figure 4 deﬁnes the directions of the orthogonal unit vectors
that will be used to calculate the optical transmission through
the ﬁlm as a function of h. The main optical axes of the intrinsic
birefringence, Dni, are in the a^ and b^ directions, i.e., a^ and b^ are
set by the ﬁlm. The axes of Dnp are in the i^ and j^ directions, which
also deﬁne the laboratory coordinate system. Vectors u^ and v^ are
along the transmission directions of the polarizer and analyzer,
respectively. The angle h is measured relative to u^, and its value
is varied by rotating the sample.
To calculate the light propagation across the ﬁlm, we express
the electric ﬁeld of the impinging light in terms of the components
along the directions a^ and b^. As the probe light has an electric ﬁeld
~E ¼ E0u^,
~E ¼ E0ða^ cos hþ b^ sin hÞ: ð2Þ
Across a ﬁlm with intrinsic birefringence, the electric ﬁeld in
each optical axis is multiplied by a different phase factor, as in
the expression:
~EðzÞ ¼ E0½a^ cos h expðikazÞ þ b^ sin h expðikbzÞ ð3Þ
where ka and kb are the wave numbers in the a^ and b^ directions,
respectively, expressed as ka = 2pna/k and kb = 2pnb/k, with na and
nb being the refractive indices in directions a^ and b^.î
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Figure 4. Deﬁnitions of versors and the angles employed in the equations: i^ and j^
deﬁne the laboratory frame; u^ and v^ , the polarizer and analyzer transmission
directions, respectively; and a^ and b^, the sample frame.To account for the PIB, the electric ﬁeld in Eq. (3) must be
rewritten along the directions i^ and j^ (the Dnp axes). Hence, substi-
tuting a^ ¼ ð^i cos nþ j^ sin nÞ and b^ ¼ ði^ sin nþ j^ cos nÞ, where n = 45
– h is the angle between a^ and i^, we have:
~EðzÞ ¼ E0 ½cos h cos n expðikazÞ  sin h sin n expðikbzÞ^iþ½cos h sin n expðikazÞ þ sin h cos n expðikbzÞ^j
( )
:
ð4Þ
Now, as was done in Eq. (3), to take into account the PIB, the
phase factors are inserted by multiplying i^ and j^ components,
resulting in,
~EðzÞ¼ E0 ½coshcosnexpðikazÞ sinhsinnexpðikbzÞexpðikxzÞ^iþ½coshsinnexpðikazÞþ sinhcosnexpðikbzÞexpðikyzÞ^j
( )
;
ð5Þ
where kx and ky are the wavenumbers in the i^ and j^ directions,
respectively.
To evaluate the transmission coefﬁcient, Tr, Eq. (5) must be
written in terms of the u^ and v^ unit vectors, where the v^ compo-
nent will be the transmitted ﬁeld. Substituting i^ ¼ ðu^ v^Þ=
ﬃﬃﬃ
2
p
and j^ ¼ ðu^þ v^Þ=
ﬃﬃﬃ
2
p
in Eq. (5), the electric ﬁeld component in the
direction of the analyzer transmission axes v^ is given by,
~Ev ¼ E0ﬃﬃﬃ
2
p coshcosnexp½iðkaþkxÞLþ sinhsinnexp½iðkbþkxÞLþ
coshsinnexp½iðkaþkyÞLþ sinhcosnexp½iðkbþkyÞL
 
v^:
ð6Þ
The transmission coefﬁcient is proportional to the scalar prod-
uct ~Ev .~Ev where ~E

v is the complex conjugate of ~Ev . Calculating
the scalar product and using n = 45 – h, Dnp = nx  ny, and Dni =
na  nb, we obtain the normalized transmittance,
TrðhÞ¼12
1cos 2pLDnpk
 
cos2 2hþ sin 2pLDnik
 
sin 2pLDnpk
 
sin2h
cos 2pLDnik
 
cos 2pLDnpk
 
sin2 2h
2
64
3
75:
ð7Þ
Therefore, the transmittance signal is now described consider-
ing three factors: the IB and PIB birefringences, and the light polar-
ization direction, i.e., the angle h. For the stretched sample of
PMMA/DR13 Dni is time independent while the Dnp is time depen-
dent because the cumulative reorientation of azodyes during illu-
mination with the excitation light.
It should also be noted that if the intrinsic birefringence Dni is
zero, the trigonometric simpliﬁcation of Eq. (7) leads to Eq. (1).
5. Analysis of experimental results
To follow the formation of the photoinduced birefringence dur-
ing optical excitation until a maximum birefringence value is
reached, two exponential functions are employed as proposed by
Sekkat et al. [2] Thus, the increase in Dnp(t) with time is written as:
DnpðtÞ ¼ Dnf 1 exp  tsf
 	 

þ Dns 1 exp  tss
 	 

ð8Þ
where Dnf and Dns are the maximum birefringence values of the
ﬁlm for the fast and slow processes, respectively; and sf and ss
are characteristic times for the fast and slow processes. Eq. (8) will
allow us to describe the formation of the photoinduced birefrin-
gence in the ﬁlm; note that the sum of Dnf and Dns is equal to
the maximum value of Dnp(t).
Since the transmittance signal in Eq. (7) depends on Dnp(t) and
Dni, the experimental curves are ﬁtted using Eq. (7) with Dnp(t), as
in Eq. (8), in order to obtain the values of all parameters involved in
the equations. As ﬁrst step the intrinsic birefringence was
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Dni = 5.5  103. Using this value, sf  2 s, ss  45 s, Dnp|max =
Dnf +Dns  2  103 was found from ﬁtting the experimental
curves shown in Figure 3. Values of these parameters are about
the same for all curves (variation of about 10%), as expected, and
are in good agreement with the typical values found in the litera-
ture for a PMMA guest-host ﬁlm [10]. Worth to mention is that
Dnp|max  2  103 found here is somewhat higher than
1.0  103 that we measured for the non stretched PMMA/DR13,
as also observed in ref. [14] for stretched/non-stretched natural
rubber ﬁlms.
Although the measured signal shows an appreciable variation
with h, the values of Dnp|max (at 200 s) and Dni obtained from
the ﬁtting are about the same for all curves shown in Figure 3. In
other words, Dnp|max  2  103 and Dni  5.5  103 are constant
despite the fact that the measured signal S is dependent on h.
6. Discussion and conclusion
Concerning the curves in Figure 3, the transmittance signal at
h = 0 is not inﬂuenced byDni as itsmain axis is parallel to the probe
beampolarization direction. The transmittance evolveswith time as
if the sample was initially isotropic, according to Trð0Þ ¼
sin2 pLDnpk
h i
, being Dnp time dependent. At h = 45, the main axes
for Dni and Dnp are parallel, and so, the total birefringence is maxi-
mum at the end of illumination process. The transmittance starts
from an offset value and increases up to Trð45Þ ¼ sin2 pLðDniþDnpÞk
h i
due to the buildup of Dnp. Because of the square dependence of Tr,
the absolute photoinduced contribution to Tr is larger than that
for h = 0. At h = 45, the main axes of Dni and Dnp are perpendic-
ular. In this case, Trð45Þ ¼ sin2 pLðDnpDniÞk
h i
. Note that the build-up
ofDnp tends to cancel the total birefringence at the end of illumina-
tion process. In this case, the signal variation is also large, and the
transmittance starts from the same value as that for +45 and
decreases as Dnp increases. It is worth noting that at 45, the varia-
tion in Tr is maximum, and Figure 3 shows that the transmittance
variation at 45 is ﬁve times larger than that at 0.
In a previous paper, dos Santos Jr. et al. [12] reported that layer-
by-layer ﬁlms made from chitosan containing Sunset Yellow
exhibited an intrinsic birefringence leading to a transmittance sig-
nal with no need for excitation light, which is attributed to the ﬁlm
anisotropy imparted by the layer-by-layer fabrication method. The
authors also mentioned that depending on the orientation of the
light polarization, the PIB signal slightly increased or decreased
or in few samples photoinduced birefringence signal was not
found, therefore, results can be accounted by Eq. (7) asserting the
existence of an intrinsic birefringence in the ﬁlm.
As reported in literature, in ﬁlms fabricated with natural rubber
doped with azodyes [6], azo liquid-crystals [4], azo-codendrimer
[15], azopolymer based nanocomposites materials [7] and azobenzene-
containing ionic self-assembly complex [5], the inverse relaxation
was observed in PIB measurements. When the excitation light is
switched off, instead of the decrease of light transmittance an
increase to a steady state is observed. Moreover, during the light
excitation, sometimes the PIB signal increases to a maximum value
and then decreases to a lower steady value. Authors of Ref. [6]
found that turning the ﬁlm relative to the light probe polarization,
see the Figure 2 of the their work, at 90 the inverse relaxation
appears and, on the other hand, at 0 the usual behavior for the
light transmittance, i.e., it increases during illumination and
decrease when the excitation light is turned off. These effects were
mainly attributed to reorganization of the polymeric chains [6]
during illumination but so far no clear description of the phenomenonhas been given. As discussed in the next paragraph, using
Eq. (7) and allowing the increase of Dni on time during the light
excitation we are able to predict the behaviors above described.
For stretched PMMA/DR13 ﬁlm the intrinsic birefringence Dni
has a constant value independently of time and angle variation.
Now let’s consider another kind of sample: an initially isotropic
polymeric ﬁlm has an ‘intrinsic birefringence’ that increases on
time during the ﬁlm illumination [7]. For example, we will assume
that the such ‘intrinsic birefringence’ increases at the rate given by
Dni / ð1 e
t
si Þ. Employing Eqs. (7) and (8) to simulate the trans-
mittance signal, depending on the angle h, a decrease of the trans-
mittance signal was found during the light excitation and, also, an
increase when the excitation light is turned off, i.e., our simulated
transmittance curves are capable ﬁt the ones shown if Figure 2 of
Ref. [4].
As shown in literature the inverse relaxation occurs frequently
in materials where azobenzene groups have a strong interaction
with the polymer matrix, for example, main or side-chain polymer
containing azobenzene and liquid-crystalline materials. Since azo-
benzenes are tightly attached to the matrix their reorientation pro-
moted by light excitation is the driven force that produces the
reorganization of the polymeric chains leading to the formation
of the ‘intrinsic birefringence’. The molecular cooperative motion
between azobenzene groups and the chain segments is not well
understood so far. This insight is well-suited with the fact that in
guest-host ﬁlms the inverse relaxation does not appear, because
the azobenzene group are not attached to the PMMA chains and
the cooperative interaction is weak.
To conclude, Eq. (7) allows one to correctly account for the PIB
transmittance signal in an anisotropic ﬁlm with intrinsic birefrin-
gence and it is a generalization of Eq. (1), frequently used in liter-
ature. Although the measured transmittance signal during light
excitation is angle dependent the values of Dnp|max are indepen-
dent of angle h. Therefore, Eq. (7) will be the key to investigate
the measured transmittance signals in anisotropic ﬁlms. Also, as
discussed here if one assumes the existence of a time dependent
‘intrinsic birefringence’ in the ﬁlm the inverse relaxation phenom-
enon can be predicted.
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